Abstract-Hypertension is more common in men and postmenopausal women than in premenopausal women, and gender differences in sensitivity to high dietary Na ϩ salt have been suggested; however, the vascular mechanisms involved are unclear. We investigated whether increases in the extracellular concentration of Na 
H ypertension is more common in men and postmenopausal women than in premenopausal women, and putative vascular protective effects of endogenous estrogen have been suggested. [1] [2] [3] [4] Although the risk of hypertension often increases with high dietary Na ϩ , particularly in saltsensitive individuals, [5] [6] [7] [8] gender differences in salt sensitivity have been reported. 9 It has been shown that among elderly normotensive subjects, postmenopausal women respond to changes in Na ϩ intake with greater increases in blood pressure than those observed in men of similar age. 9 The potential beneficial vascular effects of estrogen replacement therapy in postmenopausal women 10 have further suggested a role for estrogen in protecting against hypertension, particularly for women on a high Na ϩ diet. Gender differences in sensitivity to high dietary Na ϩ have recently been reported in experimental animals, such as the Dahl salt-sensitive rat and the deoxycorticosterone acetate (DOCA)-salt hypertensive rat, [11] [12] [13] [14] and have been explained by gender-specific increases in sympathetic activity and norepinephrine release, reductions in prostacyclin levels, and alterations in the vascular reactivity to vasoconstrictor agonists in males compared with females. [12] [13] [14] [15] [16] [17] Also, in DOCAsalt hypertension, the arterial pressure rises more rapidly and reaches a higher level in male rats than in female rats, and the course of hypertension is exacerbated by gonadectomy in female rats, suggesting that the gender differences in salt sensitivity are possibly related to endogenous gonadal hormones. 11, 18 During high dietary Na ϩ intake, several adaptive mechanisms are activated to cope with the large Na ϩ overload. These mechanisms include expansion of extracellular fluid volume, 19 increased cardiac output, 20 and increased renal blood flow. 21 These adaptive mechanisms make Na ϩ excretion as equivalent as possible to Na ϩ intake and thus maintain the body Na ϩ and the extracellular fluid volume within normal levels. However, some studies have shown that the body Na ϩ could be higher during high Na ϩ intake than during low Na ϩ intake, suggesting that increases in body Na ϩ , albeit small and perhaps temporary, could still occur during a high Na ϩ diet. 22 Also, although the location of the possible increases in body Na ϩ is not entirely clear, some of the Na ϩ could be in the cells, 23 whereas a significant portion could be in the extracellular fluid volume. 19 Although high dietary Na ϩ could be associated with increases in vascular reactivity to vasoconstrictor agonists 16,24 -26 and could lead to small increases in extracellular Na ϩ concentration ([Na ϩ ] e ), 22 the direct effect of physiological increases in extracellular Na ϩ on the mechanisms of vascular smooth muscle contraction is not clearly understood. Vascular smooth muscle contraction is triggered by increases in intracellular Ca 2ϩ that are due to Ca 2ϩ release from the intracellular stores and Ca 2ϩ entry from the extracellular space. [27] [28] [29] Also, in activated smooth muscle, the balance between intracellular and extracellular Ca 2ϩ and Na ϩ is further regulated by the plasmalemmal Na ϩ -Ca 2ϩ exchanger. 30, 31 In its forward mode, the Na ϩ -Ca 2ϩ exchanger promotes Ca 2ϩ extrusion from the cell, whereas in the reverse mode, it promotes Ca 2ϩ entry into the cell. 30, 32 However, whether physiological increases in extracellular Na ϩ enhance vascular reactivity and the Ca 2ϩ -handling mechanisms of vascular smooth muscle contraction is unclear. Also, the suggested vascular protective effects of estrogen in females with intact gonads and their proposed absence in males and in females with reduced gonadal function imply that the mechanisms of vascular smooth muscle contraction may be modified by gender and by the presence or absence of functional female gonads. 1, 33 However, little is known about whether the effects of extracellular Na ϩ on the mechanisms of vascular smooth muscle contraction are affected by gender and by the presence or absence of gonadal hormones.
The purpose of the present study was to test the hypothesis that physiological increases in [Na ϩ ] e enhance the mechanisms of vascular smooth muscle contraction and that the vascular effects of [Na ϩ ] e are modified depending on the gender and the presence or absence of gonadal hormones. Experiments were designed to investigate (1) 
Methods Animals
Sprague-Dawley rats (12 weeks, Harlan Sprague Dawley, Indianapolis, Ind) were divided into 4 groups (16 rats each): intact males, intact females, castrated males, and ovariectomized (OVX) females. Gonadectomy was performed in the rats at 8 weeks of age by the vendor. Other OVX females (nϭ16) and castrated males (nϭ16) were given a subcutaneous timed-release 17␣-estradiol or 17␤-estradiol implant (30-day release, 0.125 mg per pellet, Innovative Research of America) or 17␤-estradiol implant plus daily subcutaneous injection of the estrogen receptor antagonist ICI 182,780 (Tocris, 1 mg/kg per day) 3 days after gonadectomy, and the rats were studied 4 weeks later. 34 OVX female and castrated male rats were fed a soy-based diet to minimize dietary intake of phytoestrogens. The plasma 17␤-estradiol was 77Ϯ8 pmol/L in intact female rats, 17Ϯ2 pmol/L in OVX female rats, 83Ϯ9 pmol/L in OVX female rats with 17␤-estradiol implants, 16Ϯ2 pmol/L in intact male rats, 18Ϯ3 pmol/L in castrated male rats, and 84Ϯ6 pmol/L in castrated male rats with 17␤-estradiol implants, as previously described. 34 All procedures followed the guidelines of the Institutional Animal Care and Use Committee.
Tissue Preparation
The rats were anesthetized by inhalation of isoflurane. The thoracic aorta was excised, placed in Krebs' solution, and cleaned of connective tissue. The aorta was cut transversely into 3-mm-wide strips. Because changes in [Na ϩ ] e may affect various types of vascular cells, including endothelial cells, the endothelium was removed by rubbing the vessel interior with wet filter paper.
Isometric Contraction
Aortic strips were transferred to a tissue bath containing Krebs' solution bubbled with 95% O 2 /5% CO 2 at 37°C. One end of the strip was fixed to a glass hook, and the other end was connected to a force transducer (Grass FT03C, Astro-Med). The strips were stretched to 1.5 the initial unloaded length and allowed to equilibrate for 1 hour while the changes in tension were displayed on a Grass polygraph (model 7D). After two 96 mmol/L KCl contractions followed by washing with normal Krebs' solution, the tissues were incubated for 30 minutes in either (1) 
Solutions, Drugs, and Chemicals
Normal Krebs' solution contained the following (mmol/L): NaCl 120, KCl 5.9, NaHCO 3 25, NaH 2 PO 4 1.2, dextrose 11.5, MgCl 2 1.2, and CaCl 2 2.5 at pH 7.4. For Ca 2ϩ -free Krebs' solution, CaCl 2 was omitted and replaced with 2 mmol/L EGTA. The high KCl depolarizing solution was prepared as Krebs' solution but with equimolar substitution of NaCl with KCl. Stock solution of Phe (10 Ϫ1 mol/L) was prepared in distilled water. Stock solutions (10 Ϫ2 mol/L) of 2,4-dichlorobenzamil (Molecular Probes) and KB-R7943 (Tocris) were prepared in dimethyl sulfoxide. The final concentration of dimethyl sulfoxide in solution was Յ0.1%. Caffeine (25 mmol/L) was directly dissolved in Ca 2ϩ -free Krebs' solution. All other chemicals were of reagent grade or better.
Statistical Analysis
The data were analyzed and presented as meanϮSEM. In intact males, the Phe contraction and 45 Ca 2ϩ influx data at increasing [Na ϩ ] e and in both the untreated and the dichlorobenzamil-treated or KB-R7943-treated vessels were compared by 2-way repeated measures ANOVA followed by the Student-Newman-Keuls post hoc test. The gender difference data were compared by using ANOVA with multiple classification criteria (male versus female rats, intact versus gonadectomized rats, and untreated rats versus rats treated with estrogen), followed by the Bonferroni post hoc test to compare selected groups or the Dunnett post hoc test to compare all groups with intact male rats. Differences were considered statistically significant at PϽ0.05.
Results
In vascular strips that were isolated from intact male rats and incubated in Krebs' solution containing control [Na ϩ ] e (146.2 mmol/L), Phe caused concentration-dependent increases in active stress ( Figure 1A) . Preincubation of the vascular strips in Krebs' solution containing increasing (Table) Figure 1C ). Increases in [Na ϩ ] e by the addition of 10, 20, and 30 mmol/L NaCl caused further increases in Phe-induced 45 Ca 2ϩ influx ( Figure 1C) .
In vascular strips pretreated with 2,4-dichlorobenzamil (10 Ϫ5 mol/L), inhibitor of Na ϩ -Ca 2ϩ exchanger (Figures 2A  and 2C Figure 3A) or N-methyl-D-glucamine ( Figure 3B ), no significant changes in the basal or Phe-induced contraction were observed. In Figure 3A) or N-methyl-D-glucamine (Figure 3B) , the Phe-induced contraction was significantly reduced.
Effect of Increases in [Na
In 10, 20 , and 30 mmol/L NaCl, the Phe-and caffeine-induced contractions were significantly reduced (Table) .
In vascular strips of intact female rats incubated in Krebs' solution containing control [Na ϩ ] e , the Phe-induced stress and 45 Ca 2ϩ influx were less than that in intact male rats (Figure 4 and 4D ).
In OVX females or castrated male rats treated with the inactive 17␣-estradiol subcutaneous implants, significant increases in Phe contraction and Ca 2ϩ influx with increases in [Na ϩ ] e obtained by the addition of 6 mmol/L NaCl could still be observed ( Figure 5 ). In OVX female rats or castrated male rats treated with 17␤-estradiol subcutaneous implants, no significant changes in Phe contraction or Ca 2ϩ influx with increases in [Na ϩ ] e were observed ( Figure 5 ). In OVX female rats or castrated male rats simultaneously treated with 17␤- estradiol plus the estrogen receptor antagonist ICI 182,780, the Phe-induced contraction and Ca 2ϩ influx were significantly enhanced with increases in [Na ϩ ] e obtained by the addition of 6 mmol/L NaCl ( Figure 5 ).
Discussion
The main findings of the present study are as follows: (1) In vascular strips of intact male rats, small increases in [Na ϩ ] e by the addition of 1, 3, and 6 mmol/L NaCl enhanced the vascular contraction to Phe. Phe interacts with ␣-adrenergic receptors in vascular smooth muscle. 36 The observation that the Phe EC 50 did not change with increases in [Na ϩ ] e suggests that the increases in Phe contraction are not likely due to changes in the apparent ␣-adrenergic receptor affinity. On the other hand, the increases in the magnitude of Phe contraction with small increases in [Na ϩ ] e suggest possible enhancement of signaling mechanisms downstream from receptor activation.
Vascular smooth muscle contraction is triggered by increases in intracellular Ca 2ϩ that are due to Ca 2ϩ release from the intracellular stores and Ca 2ϩ entry from the extracellular space. [27] [28] [29] The observation that small increases in [Na ϩ ] e by the addition of 1, 3, and 6 mmol/L NaCl did not affect the Phe-or caffeine-induced contraction in Ca 2ϩ -free solution suggests that the increases in vascular contraction with increases in [Na ϩ ] e are not due to the enhancement of Ca 2ϩ release from the intracellular stores. On the other hand, the increases in Phe-induced Ca 2ϩ influx at increasing [Na ϩ ] e suggest an enhancement of Ca 2ϩ entry from the extracellular space. The effects of increases in [Na ϩ ] e with the use of 1, 3, and 6 mmol/L NaCl on vascular contraction and Ca 2ϩ influx appear to be Na ϩ specific, inasmuch as similar increases in extracellular salt with the use of LiCl or N-methyl-D-glucamine did not increase Phe contraction or Ca 2ϩ influx. An important question is how the increases in [Na ϩ ] e may increase Ca 2ϩ entry. The increases in [Na ϩ ] e are expected to increase the electrochemical gradient for Na ϩ and stimulate Na ϩ entry into vascular smooth muscle via nonspecific cation entry pathways, Na ϩ channels, or Ca 2ϩ channels. 31,38 -40 Although the increases in intracellular Na ϩ could be extruded via the Na ϩ -K ϩ pump, the Na ϩ -Ca 2ϩ exchanger has also been suggested to maintain the balance between extracellular and intracellular Na ϩ and Ca 2ϩ ions. 30, 31 The observation that the increases in Phe contraction and Ca 2ϩ influx are inhibited by 2,4-dichlorobenzamil, an inhibitor of the Na ϩ -Ca 2ϩ exchanger, suggests that the Na ϩ -Ca 2ϩ exchanger is involved. In its forward mode, the Na ϩ -Ca 2ϩ exchanger is known to play a role in Ca 2ϩ extrusion. On the other hand, the reverse mode of the Na ϩ -Ca 2ϩ exchanger facilitates Na ϩ extrusion and Ca 2ϩ entry and thereby causes more Na ϩ to leave the cell and more Ca 2ϩ to enter the cell. 30, 32 The observation that the increases in Phe contraction and Ca 2ϩ influx with increases in [Na ϩ ] e are inhibited by KB-R7943, selective inhibitor of the reverse mode of the Na ϩ -Ca 2ϩ exchanger, 35 further suggests the involvement of the Na ϩ -Ca 2ϩ exchanger. Taken together, the present data suggest that small increases in [Na ϩ ] e could stimulate small increases in Na ϩ entry and intracellular Na ϩ , which, in turn, activate the reverse mode of the Na ϩ -Ca 2ϩ exchanger and thereby increase Ca 2ϩ entry. This is supported by reports that small increases in intracellular Na ϩ concentration are sufficient to generate significant Ca 2ϩ influx in smooth muscle. 32 Small increases in [Na ϩ ] e did not enhance Phe contraction or Ca 2ϩ influx in vascular strips of intact female rats, which is in contrast to the effect in intact male rats. Chronic studies in Dahl salt-sensitive rats and DOCA-salt hypertensive rats have suggested gender differences in sensitivity to high dietary Na ϩ 11-14 and have suggested possible alterations in the vascular reactivity in male rats compared with female rats. [12] [13] [14] [15] [16] [17] The present data are in agreement with these reports and provide evidence that small increases in [Na ϩ ] e enhance the Ca 2ϩ -entry mechanisms of vascular smooth muscle contraction in a gender-specific manner. The lack of enhancement of Phe contraction or Ca 2ϩ influx with small increases in [Na ϩ ] e in intact female compared with intact male SpragueDawley rats is consistent with previous reports that the Ca 2ϩ -entry mechanisms are reduced in female compared with male Wistar-Kyoto and spontaneously hypertensive rats. 36 The present results suggest that the reduction in Ca 2ϩ entry in blood vessels of intact female rats may be, at least in part, related to reduction in the reverse mode of the Na ϩ -Ca 2ϩ exchanger.
Chronic studies in DOCA-salt hypertensive rats have shown that the arterial pressure is greater in male rats than in female rats and that the hypertension is exacerbated by gonadectomy in female rats, suggesting that the gender differences in salt sensitivity are related to endogenous gonadal hormones. 11, 18 The present acute studies agree with these reports and suggest that the gender differences in the sensitivity to increasing [Na ϩ ] e may be related to estrogen, because the enhancements of Phe contraction and Ca 2ϩ influx with increases in [Na ϩ ] e were (1) not significantly different between castrated male rats and intact male rats, (2) significantly greater in OVX female rats than in intact female rats, and (3) not observed in OVX female rats or castrated male rats treated with 17␤-estradiol subcutaneous implants. Also, the inhibitory effects of estrogen appear to be specific, because the enhancements of Phe contraction and Ca 2ϩ influx with increases in [Na ϩ ] e could still be observed in OVX female rats or castrated male rats treated with the inactive 17␣-estradiol subcutaneous implants and in OVX female rats or castrated male rats simultaneously treated with 17␤-estradiol plus the estrogen receptor antagonist ICI 182,780. However, whether treatment of intact females with ICI 182,780 can unveil the enhancing effects of small increases in [Na ϩ ] e on vascular reactivity and Ca 2ϩ influx remains to be investigated. Also, the mechanisms by which estrogen might affect the Na ϩ -Ca 2ϩ exchanger are unclear at the present time but may be related to decreased expression and/or activity of the exchanger.
In the present study, larger increases in [Na ϩ ] e by the addition of 20 and 30 mmol/L NaCl were associated with significant reduction in Phe contraction despite increases in Ca 2ϩ influx. This can be explained by the possibility that the enhancements of vascular contraction and Ca 2ϩ influx by the increases in [Na ϩ ] e are counterbalanced by inhibitory effects due to increases in extracellular ionic strength. It has been reported that increases in extracellular ionic strength reduce muscle contraction, possibly because of changes in the actual spacing between the actin and myosin filaments. 41 This is supported by the present observations that (1) 
